The structural changes and magnetic anomalies accompanying martensitic transformations in Ni-Mn-Ga alloys are briefly discussed. The role of lattice tetragonality of martensite in the reduction of magnetic field needed for the observation of large magnetostrain effect is theoretically analyzed, considering the compensation of the magnetic anisotropy. The possibility of the field reduction is based on the previously observed lattice parameter dependence on the temperature and proper fit of the alloy specimen shape. The model shows that a significant reduction of the magnetic field needed for the giant MSE can take place in martensites with 0.98 < c/a < 1.04.
Introduction
The Ni-Mn-Ga alloys showing a thermoelastic martensitic transformation (MT) form a relatively new family of shape memory and superelastic materials. [1] [2] [3] The alloys with compositions near their prototype -Ni 2 MnGa-are ferromagnetic Heusler L2 1 ordered alloys with Curie temperature T C around 370 K. 2) The coupling of the structural and magnetic degrees of freedom gives new possibilities for the unusual magnetomechanical behaviour of martensite, like a large magnetostrain effect, which enhances the interest in these alloys to be applied as so called magnetic shape memory materials. [4] [5] [6] [7] It has been shown that the martensitic structure in Ni-Mn-Ga alloys can be controlled not only by the external uniaxial stress and temperature 1) but also by composition variation 8) being related to the electron/atom ratio. 9) According to the transformation behavior and relative values of T M and T C temperatures (T M is the martensitic transformation temperature), both being functions of electron concentration, 9) Ni-Mn-Ga alloys can be subdivided into different groups. 2, 9) Detailed structural studies have been performed for the alloys with T M > T C , using X-ray diffraction (XRD) and transmission electron microscopy (TEM), 8) thus the symmetry and lattice parameters of unit cells for the martensites encountered in these alloys have been clarified. 3, 8) Neutron and X-ray powder diffraction measurements of near stoichiometric Ni 2 MnGa alloy with T M < T C were undertaken in Refs. 10, 11) . TEM results are also reported for these alloys, (see e.g., Ref. 8)). All the aforementioned studies reveal the tetragonal unit cell of martensites formed as a result of distortion of the initial austenitic cubic lattice. In case of the alloys with T M < T C this distortion is characterized by the lattice parameters ratio c/a < 1 and is accompanied by shuffling of close-packed planes with periodicity of 5 planes (five-layered martensite). In the alloys with T M > T C the basic martensitic structure is tetragonal with c/a > 1; other possible structures can be obtained by microtwinning of the basic one. 8) Thus, it may be concluded that among all the structural changes accompanying the MT in Ni-Mn-Ga alloys the tetragonal distortion play the key role and c/a ratio is one of the important parameters influencing magnetic and electronic properties of the alloys. 12) Magnetic moments, anisotropy constants and exchange interactions are sensitive to the lattice distortions and atomic environment. In the case of Ni-Mn-Ga alloys they have been shown to be essentially different for austenitic and martensitic states. 1, [13] [14] [15] Moreover, it has been experimentally confirmed that the martensitic structures encountered in Ni-Mn-Ga alloys affect their magnetic properties. 16) In this paper emphasis will be given to certain details of the relationship between the crystallographic peculiarities of martensite and its magnetic characteristics. In particular, a possible influence of c/a value on the magnitude of magnetostrain effect for a given magnetic field amplitude will be highlighted.
Experimental Procedure
Several Ni-Mn-Ga alloys with different compositions were prepared by induction melting and casting. In this paper we will present some results obtained in two alloys with the following compositions: Ni 51. X-ray diffraction (Siemens D5000), TEM (Hitachi H600, 100 kV) and HREM (Jeol 2011, 200 kV) were used for structural studies. The thin foils for TEM/HREM observations were prepared by twin jet polishing in a solution of 30% nitric acid in methanol at 240 K. The martensitic state in alloy 1 was investigated at room temperature, while the cooling stage (only available for TEM) was used to study the martensite of alloy 2. 
Results and Discussion
The XRD pattern obtained from the alloy 1 in bulk condition is shown in Fig. 1(a) . This pattern fits with a non-modulated tetragonal cell with lattice parameters a = 0.544 nm and c = 0.662 nm. This basic unit cell is built in the same crystallographic axes as the parent phase (cubic L2 1 structure with a c = 0.583 nm); therefore, during the martensitic transformation the cubic unit cell shrinks in two axes and expands in the third one. TEM observations performed in the same alloy reveal the presence of zones with the socalled 7-layered martensite, recognized by the six extra spots along a particular 110 direction ( Fig. 1(b) ). Other long periodic martensitic structures (with periods of 8 and 10 planes) coexisting with non-modulated tetragonal lattice can also be observed in the alloys with T M > T C , depending on their previous thermomechanical treatments. 3, 8) These structures are usually described as stackings of nearly close-packed planes derived from {110} aust planes, and they can also be interpreted as a microtwinning mode of the basic non-modulated tetragonal cell. 8) Such interpretation is confirmed by recent HREM observations, at least for the 7-layered martensite, as it is shown in Fig. 2 . The picture shows the boundary between a region of non-modulated tetragonal phase (A) and a microtwinned one (B). The diffraction pattern corresponding to the microtwinned part is like that shown in Fig. 1(b) , although the selected area is much bigger than that shown in the HREM image. It is worth to note that, in the microtwinned zone, the thickness of the twins is not perfectly periodic, and in some cases the stacking sequence of nearly close-packed planes is fairly far from the (52) 2 one, which is typically used to model such structure. 8) This is more clear in the enlarged part of the image. Thus, it is concluded that the stacking sequence is in average periodic with a period of 7 planes, but locally it can be severely disturbed. This also explains the diffuse intensity visible in the diffraction patterns along the direction of modulation ( Fig. 1(b) ).
The alloys with T M < T C exhibit the so-called 5-layered martensite, showing diffraction patterns characterized by four equally-spaced extra spots along the 110 direction. 1, 8) The basic unit cell (not considering the modulation) is tetragonal with c/a < 1. However, in the present alloy 2 (with low transformation temperature), the selected area diffraction patterns ( Fig. 3 ) are slightly different. Indeed, four extra spots can be distinguished in between two consecutive fundamental ones, but the extra spots are not equally spaced. In addition, other extra weak spots are visible in between those more intense four extra spots. The structural models developed to interpret the 5-layered modulated martensite 1, 8) cannot explain the features of the pattern shown in Fig. 3 . More work is currently done in order to interpret such incommensurate diffraction patterns.
The results related to the tetragonality (c/a ratio) of martensitic phase in Ni-Mn-Ga being available from our present and former works 8, 10, 11, 17, 18) are plotted in Fig. 4 as a function of electron concentration e/a. Although there is a lack of systematic measurements of c/a ratio for the alloys with the values e/a ≤ 7.7 (e/a = 7.7 corresponds to the crossing of T C (e/a) and T M (e/a) lines on the phase diagram 9) ) one might assume after inspection of Fig. 4 that in this Fig. 4 , it has to be pointed out that the measurements in Ni-Mn-Ga alloys with c/a > 1 were done at room temperature (which is lower than T M by 80 K or more), while those with c/a < 1 were done either at room temperature, i.e. within transformation hysteresis loop for an alloy with e/a ≈ 7.56 8) or at temperatures more than 100 K below T M for alloys with e/a ≈ 7.50. 7, 11, 17) The c/a ratio can affect the magnetic properties and magnetoelastic behavior of martensite significantly. First of all, the tetragonal martensites with c/a < 1 correspond to the easy-axis type of ferromagnetic ordering while the alloys with c/a > 1 most probably will be the ferromagnets of the easyplane type. 13) The fact that c/a in Ni-Mn-Ga can be regulated to be close to 1 offers new opportunity for the observation of fairly large magnetostrain effect (MSE) in a comparatively small applied magnetic field, as will be shown below. The increase of magnetoelastic response observed at temperatures inside the transformation region 7, 19) confirms this opportunity. It is worth to note that in most of the works devoted to the MSE measurements, the martensitic structure is not specified. To our knowledge, the numerical value of c/a ratio of the martensite giving giant MSE is stated only in several works (see, e.g. Refs. 4-7) ), being c/a ≈ 0.94. A lack of information about MSE exists for the alloys with c/a > 1.
The works dealing with the giant magnetostrain effect in the Ni-Mn-Ga alloy system are mainly focused on the enlargement of the field-induced deformations. Nevertheless, the possibility of reduction of the magnetic fields needed for observing large enough MSE is also important for applications. This possibility arises from the obvious interrelation between the magnetization curves M(H ) and the field dependencies of strain ε(H ) observed by many authors. In particular, it is seen from the existing experimental data that both M(H ) and ε(H ) curves reach saturation at the same magnetic field value H = H S . Thus, the problem of reduction of the magnetic saturation field H S arises. A theoretical value of this field can be found from the expression for the non-isotropic part F of the magnetic energy. For the tetragonal martensitic phase
where the first term describes the magnetic anisotropy energy of crystal lattice with the c-axis oriented in x-direction, the second and third terms present the magnetostatic and Zeeman energies respectively, D is the demagnetization matrix, and m = M/M. A phenomenological model of ferromagnetic martensite 13) relates the magnetic anisotropy constant A to the magnetoelastic constant δ 1 characterizing a cubic parent phase, and the lattice parameters a, c of tetragonal phase. It is convenient to present this relationship in the form A = 6δ 1 (1 − c/a) (see Refs. 13, 14) ). As far as δ 1 < 0 in zero magnetic field the m vector of a Ni-Mn-Ga martensite with c/a value about 0.94 reported in Refs. 10, 18) is parallel to c-axis. 13, 15) Let the specimen be an ellipsoid of revolution with the revolution axis aligned with y-direction. In such a case D is a diagonal matrix with the elements D 1 = D 3 = D 2 . A standard minimization procedure for the energy given in eq. (1) shows that the magnetic field applied in y-direction causes the vector m rotation in xy plane by an angle ψ = arccos(H/H S ), and hence, a magnetic saturation takes place when
where δ = δ 1 /M 2 . Equation (2) being valid when H S ≥ 0 shows that the mutual compensation of the magnetic anisotropy of the crystal lattice and the anisotropy of the specimen caused by the magnetostatic energy is possible. A condition of complete compensation is H S = 0, i.e.
Thus, the compensation of magnetic anisotropy can be observed in two cases: i) when c/a < 1, D 1 − D 2 > 0 It should be expected therefore, that a substantial reduction of the magnetic field needed for the observation of the field-induced strains ε > 1% is possible for the "compensated" specimens. For the Ni 2 MnGa compound the u 0 (T ) and H S (T ) functions can be obtained using eq. (2) and the c(T ) and a(T ) dependencies measured in Ref. 11) . The results are presented in Fig. 5 . The H S (T ) plot shows, that the complete compensation of two contributions to the magnetic anisotropy is not achievable for the alloy studied in Ref. 11 ), but the fivefold decrease of the saturation field of martensite is possible in the vicinity of austenite start temperature.
The almost complete field-induced reorientation of martensite is essentially irreversible. As far as the reversibility of MSE is a point of crucial importance, the martensitic alloys showing reversible field-induced strains ε ii < 0.01 are studied intensively. A phenomenological model of magnetoelastic behavior of such alloys 13, 14, 20) enables the theoretical description of magnetization curves and MSE. In particular, the averaged magnetization and macroscopic longitudinal strain, induced by the field aligned with y direction are expressed as: 13, 14, 21) The magnetization curves and magnetic-field-induced strains computed from eq. (4) are presented in Fig. 6 . The substantial decrease of the anomalous elastic stiffness ∂σ yy /∂ε value for the temperatures approaching T M has been tentatively considered in the course of computations. Figure 6 clearly shows the above-mentioned correlation between magnetization and field-induced strain in martensite. The results of computations agree qualitatively with the experimental results reported in Refs. 7), 19) . Figure 6 illustrates also the possibility of saturation of ε(H ) for comparatively low magnetic fields (about 0.1 T). Another possibility for the field reduction arises from the observation of giant MSE within the martensitic transformation temperature interval T = T Ms − T Mf of mixed twophase state, 7) where T Ms and T Mf are the temperatures of the start and finish of martensitic transformation, respectively. In this case a strain of ε > 1% can be induced by a comparatively weak magnetic field in the specimens with small T ≤ 10 K. 20) 
Conclusions
(1) Different martensitic structures based on tetragonal lattice have been obtained in Ni-Mn-Ga alloy system. In particular HREM observations of alloys with c/a > 1 confirm fine microtwinned nature of martensitic structure with 7-layer periodicity and averaged (52) stacking sequence, although with areas severely distorted.
(2) The tetragonality ratio of martensitic lattice in ferromagnetic Ni-Mn-Ga alloys affects the sign and value of their magnetic anisotropy, so that the amount of giant MSE can be controlled by this ratio as well.
(3) A possibility of significant reduction of the magnetic field necessary for giant MSE has been theoretically shown to exist in martensites having 0.98 < c/a < 1.04.
